The nervous system detects environmental cues and adjusts motor commands for navigation toward preferred environments ([@r1], [@r2]). What constitutes a preference depends on situation and context, thus animals need to integrate environmental stimuli with contextual information for appropriate motor responses. Such context-dependent neural processing is critical for the flexible migration of animals ([@r3], [@r4]). However, the neural circuit basis of context-dependent behavioral regulation is not well understood.

Despite having a compact nervous system consisting of only 302 neurons, the nematode *Caenorhabditis elegans* can navigate thermal gradients, known as thermotaxis. Importantly, their navigation drastically changes depending on thermal context: their position on the thermal gradient relative to a temperature they recently experienced and memorized because they found food in that condition ([@r5][@r6][@r7]--[@r8]). For experimentation, we define this thermal context as the difference between their current temperature on the gradient (*T*) and their cultivation temperature (*T*~*c*~), set by cultivating animals with food at a certain temperature. On a thermal gradient without food, animals migrate up the thermal gradient toward *T*~*c*~ when *T* is 1 to 5 °C lower than *T*~*c*~ (*T \< T*~*c*~) and migrate down the gradient when *T* is 1 to 5 °C higher than *T*~*c*~ (*T \> T*~*c*~) ([Fig. 1 *A*--*C*](#fig01){ref-type="fig"}). When *T* is much higher than *T*~*c*~ (*T \>\> T*~*c*~), animals still manage to migrate toward *T*~*c*~, whereas when *T* is much lower than *T*~*c*~ (*T \<\< T*~*c*~), animals hardly migrate toward *T*~*c*~ ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}). In the region where *T* is close to *T*~*c*~ (*T ∼ T*~*c*~), animals perform isothermal tracking behavior ([@r6], [@r9]) ([Fig. 1 *B* and *D*](#fig01){ref-type="fig"}).

![Thermotaxis behavior changes in thermal environments (*T*) relative to the cultivation temperature (*T*~*c*~). (*A*) MWT system for the extraction of behavioral components during thermotaxis behavior. The thermotaxis assays were performed as previously reported ([@r5]). The positions and postures of animals were captured by the MWT system and then analyzed by custom-built MATLAB scripts. (*B*) Animals cultivated at 20 °C were placed on a TTX plate with a thermal gradient with 14 °C (*Lower Left*, *T \<\< T*~*c*~), 17 °C (*Upper Left*, *T \< T*~*c*~), 20 °C (*Lower Middle*, *T ∼ T*~*c*~), 23 °C (*Upper Right*, *T \> T*~*c*~), or 26 °C (*Lower Right*, *T \>\> T*~*c*~) at the center. Shown here are the representative trajectories of ∼120 animals that were recorded by MWT. The time from the start of the assays is represented in gray scale. (*C*) The time course of TTX indices calculated using the described equation and averaged within the assays (*n* = 7 to 12). Error bars indicate SEM. (*D*) IT is defined as continuous moving toward isothermal direction ±25° for longer than 20 s (*Upper*). Isothermal direction was tilted by 5° along the distortion of the thermal gradients near the edges of the plates. *Lower Left* shows the time course of fractions of IT. *Lower Right* shows the fraction of IT as a function of the absolute temperature during 30 to 60 min after the start of the assays. In *C* and *D*, cyan lines correspond to experiments in the *T \<\< T*~*c*~ condition, blue lines correspond to experiments in the *T \< T*~*c*~ condition, purple lines correspond to experiments in the *T ∼ T*~*c*~ condition, red lines correspond to experiments in the *T \> T*~*c*~ condition, and magenta lines correspond to experiments in the *T \>\> T*~*c*~ condition.](pnas.1918528117fig01){#fig01}

Previous studies have dissected thermotaxis by analyzing reorientation behavior, a typical behavioral component of *C. elegans* ([@r10]). During migrations toward *T*~*c*~, the exit direction after reorientation is biased in a thermal context-dependent manner; in the *T \< T*~*c*~ condition, the animals exit turns more frequently toward higher temperature, while they exit turns more frequently toward lower temperature in the *T \> T*~*c*~ condition ([@r11]). Also, the frequency of reorientation is biased to drive animals toward *T*~*c*~ when *T* is higher than *T*~*c*~ (*T \> T*~*c*~ and *T \>\> T*~*c*~) ([@r11], [@r12]). However, there has been no study showing what kinds of neural pathways are responsible for thermal context-dependent behavioral regulation. More importantly, although the major thermosensory neurons AFD, AWC, and ASI are known to show different responsive ranges to thermal stimuli ([@r13][@r14][@r15]--[@r16]), it remains entirely elusive how context is encoded and evaluated by the nervous system.

By conducting high-resolution behavioral analysis, comprehensive cell ablation, and computer modeling, we show here that opposing biases of even single behavioral components are generated by distinct sets of neurons under different thermal contexts. We identify multiple neural pathways that regulate behavioral components of *C. elegans* locomotion during thermotaxis, such as turns, reversals, curves, and speed, each of which contributes to thermotaxis to different degrees depending on thermal context. Calcium-imaging analyses in freely moving animals suggest that the thermosensory neurons AFD and AWC implement the context-dependent encoding of thermal signals. Intriguingly, thermal signals are likely to be oppositely processed in a first-layer interneuron AIB, depending on whether *T* is lower or higher than *T*~*c*~ (*T \< T*~*c*~ or *T \> T*~*c*~). Also, in immobilized animals, AIB oppositely responds to thermal signals: temperature increments inhibit the activity of AIB in *T \< T*~*c*~ but enhance the activity in *T \> T*~*c*~. Our results suggest that different thermal contexts are evaluated in sensory neurons and evoke bidirectional responses in the AIB first-layer interneuron, thereby resulting in context-dependent behavioral regulation.

Results {#s1}
=======

How Thermotaxis Is Executed Depends on the Relative Position to the Cultivation Temperature. {#s2}
--------------------------------------------------------------------------------------------

We assessed *C. elegans* thermotaxis by employing a Multi-Worm Tracker (MWT) ([@r17]). The MWT simultaneously captured the positions and postures of ∼120 animals ([Fig. 1*A*](#fig01){ref-type="fig"}). To conduct thermotaxis assays, we set the cultivation temperature (*T*~*c*~) as 20 °C. Animals were placed at the center of an assay plate, which itself was centered at 14 °C, 17 °C, 20 °C, 23 °C, or 26 °C, thus testing five different contexts *T \<\< T*~*c*~, *T \< T*~*c*~, *T ∼ T*~*c*~, *T \> T*~*c*~, and *T \>\> T*~*c*~, respectively ([Fig. 1*B*](#fig01){ref-type="fig"}). The animals' migrations were evaluated by calculating a thermotaxis index (TTX index), according to the equation shown in [Fig. 1*C*](#fig01){ref-type="fig"}. The TTX index is 1 when all of the animals are in the coldest fraction of the plate and 8 when all of the animals are in the warmest fraction. Consistent with our previous report ([@r5], [@r7]), the animals reached their *T*~*c*~ within ∼30 min in the *T \< T*~*c*~ and *T \> T*~*c*~ conditions ([Fig. 1*C*](#fig01){ref-type="fig"}, [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), whereas the animals moved toward the *T*~*c*~ more slowly in the *T \>\> T*~*c*~ condition. In the *T \<\< T*~*c*~ condition, animals did not move to the *T*~*c*~.

The data extracted through the MWT were further analyzed by a custom-built MATLAB script ([Fig. 1*A*](#fig01){ref-type="fig"}) ([@r18]), in which isothermal tracking (IT) is defined as continuous movement perpendicular to the gradient (±25°) for longer than 20 s, thereby staying at the same temperature ([Fig. 1*B*](#fig01){ref-type="fig"}). In *T \< T*~*c*~, *T ∼ T*~*c*~, and *T \> T*~*c*~ conditions, the fractions of IT behavior increased during the assays more dramatically than the other conditions ([Fig. 1*D*](#fig01){ref-type="fig"}). The fraction was highest at the region close to the *T*~*c*~, as previously reported ([@r9], [@r19]).

In summary, the animals moved up the thermal gradient in the *T \< T*~*c*~ condition, down the gradient in the *T \> T*~*c*~ condition, gradually moved down in the *T \>\> T*~*c*~ condition, did not move up in the *T \<\< T*~*c*~ condition, and executed IT in the region near the *T*~*c*~.

Ablation and Silencing of Single Neurons Show Distinct Impact on Thermotaxis in Different Thermal Contexts. {#s3}
-----------------------------------------------------------------------------------------------------------

To identify sets of neurons required for thermotaxis in the different contexts, we conducted assays using cell-ablated/silenced animals. We chose 17 classes of neurons as our targets of investigation for their roles in thermotaxis ([Fig. 2*A*](#fig02){ref-type="fig"}). These include three classes of thermosensory neurons (AFD, AWC, and ASI) ([@r9], [@r13][@r14]--[@r15]), two classes of locomotory command interneurons that had been shown to regulate backward locomotion (AVA and AVE) ([@r20], [@r21]), four classes of head motor neurons that had been shown to regulate steering behavior (RMD, RME, SMB, and SMD) ([@r22][@r23]--[@r24]), and eight classes of interneurons that are predicted to be critical for mediating transmission or integration of information (AIA, AIB, AIY, AIZ, RIA, RIB, RIM, and RIS) ([@r25][@r26][@r27]--[@r28]). For each of these neurons, we conducted single-cell ablation by two methods: expressing reconstituted caspases ([@r29]) or expressing and photoactivating mito-miniSOG ("miniature Singlet Oxygen Generator," a protein producing toxic oxygen radicals in response to blue light) ([@r30]) ([*SI Appendix*, Table S1 and *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We also acutely silenced the neurons individually by expressing HisCl1 (a histamine-gated chloride channel) and exposing animals to histamine ([@r31]) ([*SI Appendix*, Table S2 and *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

![Distinct sets of neurons are involved in the isothermal tracking (IT) and in the migration up or down toward the *T*~*c*~. (*A*) Candidate neurons for cell-specific ablations, including thermosensory neurons (triangles), interneurons (hexagons), and head motor neurons (circles). Black thin arrows indicate chemical synapses, black undirected lines with round endings indicate gap junctions, and gray thick arrows indicate neuromuscular junctions. (*B*, *Left*) Fractions of IT during 30 to 60 min after the start of the assays (*n* = 4 to 12) of wild-type (WT) animals and the cell-ablated/silenced animals expressing reconstituted caspases (*Upper*), mito-miniSOG (*Middle*), or HisCll1 (*Lower*). *B*, *Right* is a neural diagram for mediating IT in the *T ∼ T*~*c*~ condition. The neurons in which their removal showed significant impairment of IT fraction in all of the genetic manipulations are shown in deep color, and the neurons in which their removal showed significant impairment or enhancement in at least two of three manipulations are shown in pale color. (*C* and *D*, *Left*) TTX indices at 60 min after the start of the assays (*n* = 5 to 12) of WT animals and the cell-ablated/silenced animals expressing reconstituted caspases (*Upper*), mito-miniSOG (*Middle*), or HisCl1 (*Lower*). The indices in the *T \>\> T*~*c*~ condition are represented as magenta columns (*C*), the indices in the *T \< T*~*c*~ condition as blue columns, and the indices in the *T \> T*~*c*~ condition as red columns (*D*). *Right* are neural diagrams for mediating the migrations toward the *T*~*c*~ in the *T \>\> T*~*c*~ condition (magenta), in the *T \< T*~*c*~ condition (blue), and in the *T \> T*~*c*~ condition (red). The neurons in which their removal showed significant impairment of TTX index in all of the genetic manipulations are shown in deep color, and the neurons in which their removal showed significant impairment or enhancement in at least two of three manipulations are shown in pale color. Error bars indicate SEM. \*\**P* \< 0.01 and \**P* \< 0.05, different from WT, using Dunnett's multiple comparisons test.](pnas.1918528117fig02){#fig02}

First, we investigated how individual cell ablation and silencing affect the IT behavior by measuring the fraction of IT 30 to 60 min after the start of the assays. Consistent with our previous report ([@r9]), the single ablation/silencing of AFD, AIY, and RIA diminished the fraction of IT following all three types of genetic manipulations ([Fig. 2*B*](#fig02){ref-type="fig"}, [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We also found that the single ablation/silencing of SMB, SMD, and RMD equally strongly impaired the fraction of IT, indicating that these head motor neurons are required for the IT behavior.

We then evaluated the impact of ablation/silencing of individual cells on the migration of animals toward the *T*~*c*~ by comparing TTX indices at the end of the assays. In the *T \>\> T*~*c*~ condition, the single ablation/silencing of AWC, RIB, AVA, RMD, and SMD significantly impaired the decrement of TTX indices following all three types of genetic manipulations ([Fig. 2*C*](#fig02){ref-type="fig"}, [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), although these neurons we identified do not form a continuous pathway from sensory to motor layers. In the *T \< T*~*c*~ condition, the single ablation/silencing of only AFD and AIB significantly impaired the increment of TTX indices following all three types of genetic manipulations, whereas in the *T \> T*~*c*~ condition, we hardly identified the neurons that consistently impaired the decrement of TTX indices ([Fig. 2*D*](#fig02){ref-type="fig"}, [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

Through cell ablation/silencing analyses, we identified neurons required for the IT behavior in the *T ∼ T*~*c*~ condition ([Fig. 2*B*](#fig02){ref-type="fig"}). However, we did not clarify a comprehensive neural pathway for thermotaxis in the *T \< T*~*c*~, *T \> T*~*c*~, or *T \>\> T*~*c*~ condition, suggesting that more detailed behavioral analysis is necessary to identify sets of neurons responsible for the context-dependent thermotaxis migration.

Thermal Context-Dependent Regulation of Behavioral Components Ensures Migrations toward the Cultivation Temperature. {#s4}
--------------------------------------------------------------------------------------------------------------------

*C. elegans* is known to navigate using a series of stereotyped movements, designated behavioral components ([@r10], [@r32], [@r33]). We thus detected the behavioral components from the data extracted through the MWT by using a custom-built MATLAB script ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Behavior was first divided into three behavioral classes: turns, reversals, and curves ([Fig. 3*A*](#fig03){ref-type="fig"}). Turns were further classified into omega turns and shallow turns ([@r34], [@r35]), and reversals were further classified into reversals and reversal turns ([@r10], [@r33], [@r36]). To understand how each of the behavioral components are regulated during the migrations toward *T*~*c*~, we focused on the first 30 min from the start of the assays and analyzed the animals that were distributed in the center four fractions of the assay plate; 15.5 to 18.5 °C for the *T \< T*~*c*~ condition and 21.5 to 24.5 °C for the *T \> T*~*c*~ condition ([Fig. 3*B*](#fig03){ref-type="fig"}).

![Behavioral components are oppositely biased depending on the context. (*A*) Classification and definition of *C. elegans* behavioral components used in this study. Turns, reversals, and curves are classified as previously proposed ([@r33][@r34][@r35]--[@r36]). (*B*) Temperature range within which the behavioral components were analyzed. Animals in the center four fractions of the assay plate were analyzed. (*C*, *Upper Right*) Frequency plots of the turns and the reversals representing the average as a function of the entry direction θ (*Left*). (*C*, *Lower Right*) Comparisons of the frequency of each behavioral event. Deep blue columns indicate the frequencies while the animals are moving down the thermal gradient (θ \> 90), and deep red columns indicate the frequencies while moving up the thermal gradient (θ \< 90). (*D*) Fraction plots of the exit direction Φ after the turns and the reversals (*Left*) representing the average as a function of the entry direction θ (*Upper Right*) and the averages in all of the moving directions of animals (*Lower Right*). Dashed lines and deep blue columns indicate the fraction of Φ biased toward the lower temperature, and solid lines and deep red columns indicate the fraction of Φ biased toward the higher temperature. (*E*) Plots of the biases φ of curves (*Left*) representing the averages as a function of the entry direction θ (*Upper Right*) and the averages in all of the moving direction of animals (*Lower Right*). φ is defined as positive if biased toward higher temperature and negative if biased toward lower temperature. (*F*, *Upper*) Speed plots representing the averages as a function of the entry direction θ. Deep blue columns (*Lower*) indicate the speeds while the animals are moving down the thermal gradient (θ \> 90), and deep red columns indicate the speeds while moving up the thermal gradient (θ \< 90). In *C*--*F*, gray lines correspond to experiments without the thermal gradient (20 °C constant), blue lines correspond to experiments in the *T \< T*~*c*~ condition, and red lines correspond to experiments in the *T \> T*~*c*~ condition (*n* = 9 to 12). Error bars indicate SEM. (*C, D,* and *F*) \*\**P* \< 0.01 and \**P* \< 0.05 using paired Student's *t* test; (*E*) \*\**P* \< 0.01 using one-way ANOVA followed by a Tukey--Kramer post hoc multiple comparisons test.](pnas.1918528117fig03){#fig03}

Our analyses showed that turns and reversals were oppositely biased depending on whether the animals were moving below or above the *T*~*c*~ (*T \< T*~*c*~ or *T \> T*~*c*~ conditions, respectively) ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"} and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). The frequencies of turns and reversals were measured as a function of the entry directions θ, where θ is the angle between the moving direction right before these behavioral events and the vector pointing to the warm side of the thermal gradient ([Fig. 3*C*](#fig03){ref-type="fig"}). In the *T \< T*~*c*~ condition, the frequencies of turns and reversals were higher when the animals were moving down the thermal gradient (θ \> 90) than when the animals were moving up the thermal gradient (θ \< 90), whereas in the *T \> T*~*c*~ condition, the frequencies were higher when the animals were moving up the thermal gradient (θ \< 90) than moving down the thermal gradient (θ \> 90) ([Fig. 3*C*](#fig03){ref-type="fig"}). We also measured the fraction of the exit direction Φ after the turns and the reversals, where Φ is the angle between the direction right after these behavioral events and the vector pointing to the warm side of the thermal gradient ([Fig. 3*D*](#fig03){ref-type="fig"}). In each event of turns and reversals, exit direction Φ was judged whether toward lower or higher temperature compared to the entry direction θ. We observed that among four types of reorientation behaviors (omega turn, shallow turn, reversal, reversal turn), the exit directions of shallow turns and reversals were biased toward the *T*~*c*~ in the *T \< T*~*c*~ and *T \> T*~*c*~ conditions; they were biased toward the higher temperature in the *T \< T*~*c*~ condition, whereas biased toward the lower temperature in the *T \> T*~*c*~ condition ([Fig. 3*D*](#fig03){ref-type="fig"}).

We also analyzed two components associated with forward movement: the curve direction and the locomotion speed. Curve direction was measured as the angle φ, the angle between the past and the current moving directions ([Fig. 3*E*](#fig03){ref-type="fig"} and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Similar to the exit directions of shallow turns and reversals, the curve direction was biased toward the warm side (φ \> 0) in the *T \< T*~*c*~ condition and the cold side (φ \> 0) in the *T \> T*~*c*~ condition ([Fig. 3*E*](#fig03){ref-type="fig"}). The locomotion speed also showed opposite biases under the *T \< T*~*c*~ or *T \> T*~*c*~ conditions. In the *T \< T*~*c*~ condition, the locomotion speed was faster when the animals were moving up the thermal gradient (θ \< 90) than moving down the thermal gradient (θ \> 90), whereas in the *T \> T*~*c*~ condition, the locomotion speed was faster when the animals were moving down the thermal gradient (θ \> 90) than moving up the thermal gradient (θ \< 90) ([Fig. 3*F*](#fig03){ref-type="fig"} and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

Under the *T \>\> T*~*c*~ condition, the animals still maintained the biases in the frequencies of turns, but they no longer showed the regulation in the curve direction and the exit direction of turns and reversals ([*SI Appendix*, Fig. S2 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). These observations suggest that the loss of the regulation in these behavioral components might underlie the slower migration toward the *T*~*c*~ in the *T \>\> T*~*c*~ condition.

We next assessed how the context-dependent behavioral regulations were influenced by the time course and the temperature experiences. The biases of turns, reversals, and curves in the *T \> T*~*c*~ condition were observed in the time windows earlier than the biases in the *T \< T*~*c*~ condition ([*SI Appendix*, Fig. S3 *A*--*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), which may enable the faster migration toward the *T*~*c*~ when the animals are moving down toward the *T*~*c*~ than moving up toward the *T*~*c*~ ([@r5], [@r11]) ([Fig. 1*C*](#fig01){ref-type="fig"}). Interestingly, when the animals were assayed in one condition for 10 min and then repositioned in another condition ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), thermotaxis in the new condition was influenced by the previous condition. When the new condition and the previous condition were similar (or different), animals showed faster (or slower) migration toward the *T*~*c*~ ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), and the biases in the behavioral components were observed in the earlier (or later) time windows ([*SI Appendix*, Fig. S4 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

Taken together, our results suggest that depending on whether *T* is below or above the *T*~*c*~, the behavioral components were oppositely biased, thereby enabling the animals to migrate toward the *T*~*c*~.

Behavioral Components Differently Contribute to Thermotaxis Depending on Thermal Context. {#s5}
-----------------------------------------------------------------------------------------

Although the biases of behavioral components ([Fig. 3 *C*--*F*](#fig03){ref-type="fig"}) likely play essential roles in thermotaxis, whether those biases are necessary and sufficient to migrate toward the *T*~*c*~ ([Fig. 1*C*](#fig01){ref-type="fig"}) is unclear. To address this question, we conducted Monte Carlo simulations of animals' migrations on the thermal gradient. In the simulation, we defined an animal's state by its position in the assay plate (x, y) and the direction of its movement relative to the vector pointing to the warm side of the thermal gradient (θ) ([Fig. 4*A*](#fig04){ref-type="fig"}). We updated the states of animals every second, according to the experimental data of the turning frequencies, the exit directions of turns and curves (Φ and φ), and speeds (v), as functions of θ and *T* versus *T*~*c*~ ([*SI Appendix*, Fig. S3 *A*--*F* and *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Similar to the animals observed in thermotaxis assays, computer-simulated animals (sims) moved up and down the thermal gradient toward the *T*~*c*~ within 30 min ([Fig. 4*B*](#fig04){ref-type="fig"}, [Movie S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), suggesting that the biases in the behavioral components shown in [Fig. 3 *C*--*F*](#fig03){ref-type="fig"} are sufficient for the animals to reach the *T*~*c*~.

![Behavioral components are employed differently depending on the context. (*A*) Schematic structure of the thermotaxis behavior simulation. Animal's state was defined by its position (x, y) and moving direction relative to the vector pointing to the warm side (θ). We updated the states of the animal every second according to the experimentally observed data: the frequencies and the exit directions (Φ) of the turns and the reversals, the biases of the curves (φ), and the speeds (v), all of which were applied as functions of θ and *T* versus *T*~*c*~. The displacements during the individual turns (⊿x, ⊿y) were also employed when updating the states of the animals. (*B*) The time course of TTX indices in the simulations (black lines) and that obtained from experimental data (colored lines). In the simulations, we iterated assays 100 times, each with 100 animals, and the TTX indices were averaged within the assays. Error bars indicate SEM. (*C*) The time course of TTX indices in the simulations in which the data of the individual behavioral components determined by the experiment with the thermal gradient were replaced with the data of the corresponding component without the gradient. (*D*--*F*) The time course of TTX indices in the simulations in which the data of the individual behavioral components without the thermal gradient were replaced with the data of the corresponding components with the gradient. (*D*) Data of both frequencies and exit directions were replaced. (*E*) Data of frequencies alone were replaced. (*F*) Data of exit directions alone were replaced. In *C*--*F*, black lines correspond to the simulation in which all of the data of wild-type animals determined by the experiment with the thermal gradient were used, and gray lines correspond to the simulation in which all of the data of wild-type animals without the gradient were used. The other colored lines correspond to the simulation with the replacements of the individual behavioral components: the omega turn (red lines), the shallow turn (blue lines), the reversal (yellow lines), the reversal turn (magenta lines), the curve (green lines), and the speed (light blue lines).](pnas.1918528117fig04){#fig04}

We used this computational model of thermotaxis to examine the contributions of individual behavioral components. First, we simulated the situations in which sims could not use one of the behavioral components ([*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). In the *T \< T*~*c*~ condition, the removal of the curves most severely impaired the increase of the TTX index. In the *T \> T*~*c*~ condition, the removal of the reversal turns showed the largest effect on the decrease of the TTX index ([Fig. 4*C*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Second, we performed the simulations in which sims used only one of the behavioral components. In the *T \< T*~*c*~ condition, the sims using only the curves showed the most dramatic increase of the TTX index ([Fig. 4*D*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), and the sims using only the shallow turns showed the second most dramatic increment of the index. In the *T \> T*~*c*~ condition, the reversal turns were most effective in decreasing the TTX index, and the curves were the second most effective.

The contribution of turns and reversals can be further dissected into the regulation of frequencies and exit directions, since both of these components showed biases during thermotaxis ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}). Therefore, we ran further simulations that only used one of these biases to assess how each contributes to the migration toward the *T*~*c*~. Sims that used only the frequency of reversal turns showed significant changes in the TTX index toward *T*~*c*~ in the *T \< T*~*c*~ and *T \> T*~*c*~ conditions ([Fig. 4*E*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), whereas the sims that used only the exit direction of reversal turns did not show any change in the TTX index ([Fig. 4*F*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). By contrast, the sims that used only the exit direction of shallow turns showed a change in the index toward *T*~*c*~ in the *T \< T*~*c*~ and *T \> T*~*c*~ conditions ([Fig. 4*F*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), whereas the sims that used only the frequency showed only a little increment in the *T \< T*~*c*~ condition ([Fig. 4*E*](#fig04){ref-type="fig"} and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). These results suggest that the biases in the frequency of reversal turns contribute to the migration of the animals toward the *T*~*c*~, whereas the biases in the exit direction of shallow turns contribute to the migration toward the *T*~*c*~.

These results suggest that *C. elegans* use different behavioral strategies depending on thermal context: *T \< T*~*c*~ or *T \> T*~*c*~ conditions ([Fig. 4 *C* and *D*](#fig04){ref-type="fig"}). However, it is also possible that the absolute temperature may be solely responsible, since the animals are migrating in different temperature ranges in these experiments ([Fig. 3*B*](#fig03){ref-type="fig"}). Indeed, temperature itself is known to affect the turning frequencies and the speed of animals ([@r12]) ([*SI Appendix*, Fig. S3*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). To exclude the possibility that absolute temperature is solely responsible, we designed experiments that kept the temperature range constant and varied the cultivation temperature: the center of the assay plate was set at 20 °C and the *T*~*c*~ was set at 14 °C, 17 °C, 23 °C, or 25 °C ([*SI Appendix*, Fig. S5 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We found that under these conditions, the animals displayed opposing biases in behavioral components ([*SI Appendix*, Fig. S5 *D*--*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)) similar to our aforementioned results when *T*~*c*~ was constant and the center temperature varied ([Fig. 3 *C*--*F*](#fig03){ref-type="fig"}). Also, the biases in the curves and the reversal turns differently contributed to the migration ([*SI Appendix*, Fig. S5*H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), suggesting that relative position to the *T*~*c*~, but not absolute temperature, is important in controlling which behavioral strategies are employed. Taken together, our results show that the animals switch thermotactic behavioral strategies depending on the thermal context.

Distinct Sets of Neurons Are Responsible for Context-Dependent Regulation of Individual Behavioral Components. {#s6}
--------------------------------------------------------------------------------------------------------------

To identify neurons required for generating the biases in the behavioral components, we performed thermotaxis simulations using the experimental data of cell-ablated/silenced animals ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Datasets S4--S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Sims were allowed to use only the data of the frequency (or exit direction) of each behavioral component from the wild-type or cell-ablated/silenced data. To assess the impact of a single-cell ablation/silencing on the regulation of each behavioral component, we calculated a migration index following the equation shown in [Fig. 5*A*](#fig05){ref-type="fig"}. This index is 0 when biases of the behavioral components of cell-ablated/silenced sims do not achieve any migration toward the *T*~*c*~ and 1 when biases achieve the same migration as wild-type sims.

![Distinct sets of neurons are responsible for the context-dependent biases in the behavioral components. (*A*) Formula for the migration index. TTX indices from the simulation of cell-ablated animals (a~i~, red line) were compared with the indices from the simulation of WT animals without the thermal gradient (n~i~, gray line) in every minute, and the difference between them was summed up within 1 to 30 min. The value was normalized with the summation of the difference between the TTX indices from the simulation of WT with the thermal gradient (w~i~, black line) and the indices of WT without the gradient. (*B*) Neural diagrams responsible for generating the biases in the reversal turns and the curves in the *T \< T*~*c*~ condition (blue) and in the *T \> T*~*c*~ condition (red). The thickness and color strength of each neuron represent the functional importance of the neuron predicted from the analysis and were determined as follows: For each neuron, the differences between the migration index of the wild-type animals and the index of the cell-ablated/silenced animals expressing reconstituted caspases, mito-miniSOG, or HisCl1 were calculated. The median difference from the three ablation strategies (or the smaller difference from the two strategies) is used to determine the color strength, where the color strength of each neuron is proportional to this value. The color strength of each line is identical to the strength of the color of one of the two connected neurons with lower strength, and the thickness of each line is proportional to this color strength. (*C* and *D*) Heatmaps showing migration indices of the reversal turns (*C*) and the curves (*D*) after cell-specific ablation and silencing in the *T \< T*~*c*~ condition (*Upper*) and in the *T \> T*~*c*~ condition (*Lower*).](pnas.1918528117fig05){#fig05}

Our analyses showed that for the regulation of even the same behavioral components, distinct sets of neurons are required under the *T \< T*~*c*~ or *T \> T*~*c*~ conditions ([Fig. 5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). For example, the single ablation/silencing of AIY and RIS impaired the migration indices of reversal turns in the *T \< T*~*c*~ condition, whereas the single ablations/silencing of AWC and AIA impaired the indices of reversal turns in the *T \> T*~*c*~ condition ([Fig. 5*B*](#fig05){ref-type="fig"}, [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We applied the same analyses on the curves ([Fig. 5*B*](#fig05){ref-type="fig"}, [*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental), and [Dataset S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), the exit directions of shallow turns ([*SI Appendix*, Figs. S6*C* and S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), the frequencies of omega turns ([*SI Appendix*, Figs. S6*D* and S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), and the speeds ([*SI Appendix*, Figs. S6*E* and S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) and [Dataset S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

Similar to the reversal turns, several cell ablations and silencing showed different impact on the indices in the *T \< T*~*c*~ or *T \> T*~*c*~ conditions; the single ablation/silencing of AWC impaired the indices of the curves only in the *T \< T*~*c*~ condition, whereas the single ablation/silencing of AVA impaired the indices of the curves only in the *T \> T*~*c*~ condition. Likewise, the single ablation/silencing of AIY impaired the indices of the shallow turns in the *T \< T*~*c*~ condition but did not significantly influence the indices of the shallow turns in the *T \> T*~*c*~ condition, and the single ablation/silencing of AIZ lowered the indices of the speeds in the *T \> T*~*c*~ condition but not in the *T \< T*~*c*~ condition. These context-dependent requirements of distinct sets of neurons were also predicted by comparing another index ([@r32]) ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), which calculates biases in the behavioral components directly from the observed profiles (see legend of [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

Our study also found that some single-cell ablation and silencing enhanced the biases in behavioral components ([*SI Appendix*, Figs. S6 and S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), thereby resulting in the enhanced increase or decrease in the simulation analyses ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7 *B*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). These unexpected enhancements potentially lead to the normal migration toward the *T*~*c*~ of cell-ablated/silenced animals ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)).

In addition to the neurons required for generating the biases in the behavioral components ([Fig. 5](#fig05){ref-type="fig"} and [*SI Appendix*, Figs. S7 and S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), we were able to identify sets of neurons that regulate the basal level of turns, reversals, and speeds ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We found that the involvement of these neurons was relatively independent of the thermal context; 80% of the neurons listed in [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) were involved in the regulation of the basal level of the behavioral components in both *T \< T*~*c*~ and *T \> T*~*c*~ conditions, whereas 41% of the neurons listed in [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental) participated in the bias in the behavioral components in both conditions. Taken together, our results show that depending on the thermal context, distinct sets of neurons are required to generate the biases in the individual behavioral components.

Thermal Context Is Evaluated in Two Sensory Neurons and Evokes Bidirectional Responses in an Interneuron. {#s7}
---------------------------------------------------------------------------------------------------------

To understand how context-dependent information processing is implemented in the identified sets of neurons, we monitored the neural activities of representative sensory neurons AFD and AWC, and a first-layer amphid interneuron AIB ([Fig. 6*A*](#fig06){ref-type="fig"}). These neurons are involved in the regulation of the reversal turns and the curves under the *T \< T*~*c*~ and/or *T \> T*~*c*~ conditions ([Fig. 5*B*](#fig05){ref-type="fig"}). We performed calcium imaging in freely moving animals using the single-worm tracking system ([@r37]) ([Fig. 6*B*](#fig06){ref-type="fig"}). Correlation analysis of the temperature input versus the standardized YFP/CFP fluorescence ratio change from baseline ([*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)) revealed that the Ca^2+^ signal of the AFD sensory neuron versus the absolute temperature showed stronger correlation in the *T \> T*~*c*~ than *T \< T*~*c*~ conditions ([Fig. 6*C*](#fig06){ref-type="fig"}), whereas the Ca^2+^ signal of AFD versus the differential of temperature showed stronger correlation in the *T \< T*~*c*~ than *T \> T*~*c*~ condition ([Fig. 6*C*](#fig06){ref-type="fig"}). By contrast, the Ca^2+^ signal of AWC sensory neuron versus the absolute temperature only showed a strong correlation in the *T \> T*~*c*~ condition ([Fig. 6 *B* and *C*](#fig06){ref-type="fig"}). These observations suggest that sensory neurons AFD and AWC implement the context-dependent encoding of thermal signals. Interestingly, the activity of the AIB interneuron showed opposite correlations with both absolute temperature and the differential temperature under the *T \< T*~*c*~ and *T \> T*~*c*~ conditions ([Fig. 6*C*](#fig06){ref-type="fig"}).

![Difference of the context is encoded in AFD and AWC thermosensory neurons and evokes opposing responses in AIB. (*A*) Representative sensory neurons and first-layer interneurons that regulate the curves or the reversal turns in the *T \< T*~*c*~ condition (blue), in the *T \> T*~*c*~ condition (red), or in both conditions (purple). Thin arrows indicate chemical synapses and an undirected line with round endings indicates gap junction. (*B*, *Upper*) Representative trajectory of an animal (black line) projected on a thermography image, providing the time course of the temperature changes (*Middle*). The white + marks the starting point when recording starts. The YFP/CFP ratio was calculated from YFP and CFP fluorescences of the fluorescence resonance energy transfer (FRET)-based calcium probe yellow cameleon × 1.60 expressed in the individual neurons (*Lower*). The gray line denotes the ratio, and the black line denotes the median for the time series of the ratio ([*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). (*C*) Calcium imaging of AFD, AWC, and AIB in freely moving animals. Correlation analysis of the standardized ratio change of the individual neurons versus the absolute temperature (*Upper*) and the differential of temperature (*Lower*) in the *T \< T*~*c*~ condition (blue columns) and in the *T \> T*~*c*~ condition (red columns) was performed (*n* = 14 to 17). (*D* and *E*) Calcium imaging of AFD, AWC, and AIB in immobilized animals. (*Upper*) Standardized ratio changes of the individual neurons (*n* = 20 to 21). Two types of temperature stimuli (black lines) were used: 15 to 19 to 15 °C and 21 to 25 to 21 °C linear warming and cooling. Average standardized ratio changes for 10 s before and after temperature transitions were compared. The differences between average standardized ratio changes of AIB for 10 s after and before temperature increment were defined as responses upon warming. (*Lower*) Heatmaps of standardized ratio changes (blue = 0, red = 1.0). Error bars and shaded regions around traces indicate SEM. (*C* and *E*) \*\**P* \< 0.01 and \**P* \< 0.05 using Student's *t* test. (*D* and *E*) \*\**P* \< 0.01 and \**P* \< 0.05 using paired Student's *t* test.](pnas.1918528117fig06){#fig06}

We next monitored the neural activities in immobilized animals. Consistent with the freely moving conditions, the standardized GCaMP fluorescence ratio change of AIB decreased upon warming and increased upon cooling in the *T \< T*~*c*~ condition, whereas the Ca^2+^ signal increased upon warming and decreased upon cooling in the *T \> T*~*c*~ condition ([Fig. 6*D*](#fig06){ref-type="fig"} and [Dataset S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We further monitored the Ca^2+^ signal of AIB in AFD-ablated animals and AWC-ablated animals. In the *T \< T*~*c*~ condition, the decrement of the Ca^2+^ signal upon warming was weakened by the ablation of AFD ([Fig. 6*E*](#fig06){ref-type="fig"} and [Dataset S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). By contrast, in the *T \> T*~*c*~ condition, the increment of the Ca^2+^ signal upon warming was diminished by the ablation of AFD or AWC.

These results suggest that thermal signals sensed by AFD and AWC evoke bidirectional responses in AIB under the *T \< T*~*c*~ or *T \> T*~*c*~ conditions, which potentially leads to the thermal context-dependent operation in distinct downstream interneurons ([Fig. 6*A*](#fig06){ref-type="fig"}) and opposing regulation of the reversal turns and the curves.

Discussion {#s8}
==========

In this study, we show that context-dependent navigation of *C. elegans* on thermal gradients is mediated by opposing biases in individual behavioral components and that distinct sets of neurons are required for the opposing regulation of even the same behavioral components ([Fig. 5](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Our imaging analyses suggested that context-dependent behavioral regulation originates early in the neural pathways with sensory and first-layer interneurons responding differently to the same type of thermal inputs ([Fig. 6](#fig06){ref-type="fig"}), thereby potentially leading to context-dependent operation of downstream neural circuits.

Given such context-dependent aspects in the nervous system, future investigation of neural circuits and behavioral regulation should be performed under appropriate discrimination of environmental contexts. For instance, we found that depending on whether the animals were moving below or above the *T*~*c*~, distinct behavioral components, curves or reversal turns, were employed to migrate to the *T*~*c*~ ([Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). In the region far above *T*~*c*~, the animals could not employ curves and shallow turns to migrate toward the *T*~*c*~ ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Such context-dependent behavioral regulation is also observed upon switching between escape and avoidance from noxious heat ([@r35]) and switching between reversal and curve during acidic pH avoidance ([@r38]). Even during a continuous navigation behavior, distinct behavioral strategies are executed depending on the distance from a destination, each of which is performed via distinct sensory neurons ([@r39]). These observations tell us that the discrimination of environmental contexts is a critical step to investigate the nervous system.

Comprehensive cell ablation and silencing experiments ([Fig. 2*A*](#fig02){ref-type="fig"}) showed that many of the cell-ablated/silenced animals could migrate toward the *T*~*c*~ ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). Such robust migration of animals with deficient neural circuits was observed in previous studies ([@r11], [@r15]) and have complicated identification of neural circuits for thermotaxis behavior. One plausible explanation for this observation could be redundancy in the nervous system. Redundancy among neurons is well known ([@r15], [@r40]) and might explain the scatter of the neurons in the neural diagrams ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}). In addition to redundancy, our analysis of behavioral components ([Fig. 3*A*](#fig03){ref-type="fig"}) combined with modeling analysis ([Fig. 4*A*](#fig04){ref-type="fig"}) suggests two mechanisms that could underlie robust execution of behavior: compensation and antagonistic effects of behavioral components. We found that in certain cell-ablated animals, biases in some behavioral components were impaired, while biases in other components were significantly enhanced. For example, in RIS-ablated animals, the bias in the curves and the shallow turns was markedly reduced in the *T \< T*~*c*~ condition, while the bias in the reversal turns was strengthened ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), thereby compensating the impairments in the curves and the shallow turns and generating normal migrations. Another potential mechanism might be due to the lack of antagonistic effect of reorientation behavior on migration: for example, AIB-ablated animals displayed low basal frequency of reversal turns ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)). We speculated that such low frequency of reversal turns weakens the antagonistic effect of reversal turns on migration, allowing the animals to travel a long distance toward the right direction with marginal biases in other behavioral components. These compensatory and antagonistic relationships among behavioral components could explain some of the unexpected normal migrations shown in [Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental). Overall, it would be important to take these principles into consideration when studying other types of behavior, such as chemotaxis ([@r32], [@r41], [@r42]) or exploratory behavior ([@r43]), also in other model animals. In crustacean and mammalian brain networks, robustness is an obstacle for inferring functional connections that can only be resolved by applying statistical methods ([@r44], [@r45]). Our observations suggest that by subdividing behavior into components, we can assess the contribution of individual neurons and link the nervous system with the behavior.

Extending the above ideas, appropriate subdivisions of behavior might provide better opportunity to identify relevant neural circuits for behavioral regulations. In our study, the neural diagram for reversal turns and curves are relatively well defined ([Fig. 5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S6 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), suggesting that these subdivisions were successful. By contrast, the diagrams for shallow turns and omega turns were less defined, in which most of the neurons exhibit subtle contributions ([*SI Appendix*, Figs. S6 *C* and *D* and S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), suggesting that other classifications of turns might be needed to fully elucidate their underlying circuitry, as some possible classifications have been previously proposed ([@r34], [@r46]). Also, nonrule-based classifications of behaviors ([@r47], [@r48]), especially the description of the state of the animal in shape space ([@r49]), are reported to be successful in assessing the impact of cell ablations ([@r50], [@r51]) and might enable the definition of further defined neural diagrams.

We observed that a first-layer interneuron, AIB, shows bidirectional responses to the same kind of thermal inputs under the *T \< T*~*c*~ or *T \> T*~*c*~ conditions in freely moving animals ([Fig. 6*C*](#fig06){ref-type="fig"}). Also in immobilized animals, temperature increment inhibits AIB and decrement excites AIB in the *T \< T*~*c*~ condition, whereas temperature increment excites AIB and decrement inhibits AIB in the *T \> T*~*c*~ condition ([Fig. 6*D*](#fig06){ref-type="fig"}). Since the activity of AIB is positively correlated with the execution of reversal turning ([@r41], [@r52]), the context-dependent response of AIB would generate opposing biases in the reversal turns; the frequency of reversal turns becomes lower when animals are moving toward the *T*~*c*~, whereas the frequency becomes higher when moving away from the *T*~*c*~ ([Fig. 3*C*](#fig03){ref-type="fig"}). The neural diagram in [Fig. 5*B*](#fig05){ref-type="fig"} shows the possibility that the responses of AIB are transmitted to motor neurons via RIS, AVA, or RIM as proposed in previous studies ([@r53], [@r54]). Also, the context-dependent response of AIB could generate opposing biases in the curves and the shallow turns, considering previous studies show that activation and inhibition of an interneuron can uniformly enhance or reduce curving angle ([@r24], [@r55]).

Since AFD and AIB are connected by gap junctions ([@r56]) and AWC transmits excitatory signals to AIB ([@r57]), it makes sense that thermal signals from AFD and AWC both show positive correlation with AIB activity in the *T \> T*~*c*~ condition ([Fig. 6 *C* and *D*](#fig06){ref-type="fig"}). Both the ablations of AFD and AWC indeed abolished the increment of AIB activity upon warming in the *T \> T*~*c*~ condition ([Fig. 6*E*](#fig06){ref-type="fig"}). By contrast, it is not obvious how negative correlation between thermal signals and AIB activity in the *T \< T*~*c*~ condition is generated. We observed that the ablation of AFD weakened the decrement of AIB activity upon warming in the *T \< T*~*c*~ condition ([Fig. 6*E*](#fig06){ref-type="fig"}); thus AFD might also transmit inhibitory signals to AIB. One candidate mechanism of such a context-dependent signaling is the transmission of neuropeptides from AFD ([@r58][@r59]--[@r60]). A growing body of evidence suggests that neuropeptide signaling modulates synaptic activities depending on external and internal contexts ([@r42], [@r61], [@r62]). Such alterations in synaptic valence can drive distinct neural and behavioral responses to identical stimuli, thus potentially underlying the context-dependent behavioral regulations in this study. Cooperative interaction with other sensory neurons, including AWC, might also generate context-dependent responses of AIB. A recent study shows that AIB oppositely responds to increasing or decreasing of gustatory stimulus via inhibitory signal from the ASEL sensory neuron and/or excitatory signal from the ASER sensory neuron ([@r63]). Both signals are glutamatergic, but are received by distinct types of glutamate receptor located in AIB, evoking opposing responses. Another candidate mechanism for the context-dependent response of AIB is feedback from downstream neurons. In interneuron and motor neuron layers, the motor command sequences are always represented even when the animals are not moving ([@r23], [@r52], [@r64]). Therefore, the activities of the upstream interneurons could be modulated by those pervasive dynamics. Indeed, the response of AIB to odor stimuli via the AWC sensory neuron is affected by the state of the downstream interneurons RIM and AVA ([@r54]). Some studies have suggested that sensory inputs could be converted into appropriate motor outputs after being integrated with those dynamics ([@r65], [@r66]). Also in mammalian brains, feedback from downstream neurons is known to play an important role in the visual ([@r67]) and somatosensory systems ([@r68]). These interactions with pervasive dynamics might result in the context-dependent operation of neural circuits ([Fig. 5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental)), which may be a prevalent strategy for the nervous system to execute flexible behavioral regulation.

Materials and Methods {#s9}
=====================

Thermotaxis assays, behavioral recording, and calcium imaging were performed as previously described ([@r5], [@r16], [@r37], [@r48]). For detailed information on all methods, see [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental).

Data Availability. {#s10}
------------------

All data and associated protocols used for this study are available in the main manuscript and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1918528117/-/DCSupplemental). Source code is available at GitHub, <https://github.com/ikedamuneki/ThermotaxisAnalysis>. Materials used for this study will be available upon requests to the corresponding author.
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